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ABSTRACT
We have undertaken a detailed investigation of the adsorption, desorption and thermal process-
ing of the astrobiologically significant isomers glycolaldehyde, acetic acid and methyl formate.
Here, we present the results of laboratory infrared and temperature programmed desorption
(TPD) studies of the three isomers from model interstellar ices adsorbed on a carbonaceous
dust grain analogue surface. Laboratory infrared data show that the isomers can be clearly
distinguished on the basis of their infrared spectra, which has implications for observations
of interstellar ice spectra. Laboratory TPD data also show that the three isomers can be dis-
tinguished on the basis of their thermal desorption behaviour. In particular, TPD data show
that the isomers cannot be treated the same way in astrophysical models of desorption. The
desorption of glycolaldehyde and acetic acid from water-dominated ices is very similar, with
desorption being mainly dictated by water ice. However, methyl formate also desorbs from the
surface of the ice, as a pure desorption feature, and therefore desorbs at a lower temperature
than the other two isomers. This is more clearly indicated by models of the desorption on
astrophysical time-scales corresponding to the heating rate of 25 and 5 M stars. For a 25
M star, our model shows that a proportion of the methyl formate can be found in the gas
phase at earlier times compared to glycolaldehyde and acetic acid. This has implications for
the observation and detection of these molecules, and potentially explains why methyl formate
has been observed in a wider range of astrophysical environments than the other two isomers.
Key words: astrochemistry – molecular processes – methods: laboratory – stars: formation –
ISM: molecules – infrared: ISM.
1 . I N T RO D U C T I O N
The isomers of C2O2H4, glycolaldehyde, methyl formate and acetic
acid (see Fig. 1) are an important group of complex organic
molecules that have been detected in an increasingly wide range
of astrophysical environments. These molecules are thought to be
important in interstellar chemistry and may also have a role as
pre-biotic species (Chyba & Hand 2005).
Glycolaldehyde is the simplest of the monosaccharide sugars. It
is a key intermediate in the formose reaction, which involves the
formation of sugars, polyols and hydroxy acids from formaldehyde.
Ultimately, this autocatalytic reaction can form ribose, which is a
central constituent of RNA, and is one of the four macromolecules
E-mail: darenburke@hotmail.com
essential for all forms of life (Cleaves II 2011). Similarly, acetic acid
is also of astrobiological interest as it provides a precursor for the
formation of the simplest amino acid, glycine. Unlike glycolalde-
hyde and acetic acid, methyl formate cannot strictly be considered
as a pre-biotic molecule. However, it is the most simple ester that
has been detected in astrophysical environments and it has been pro-
posed that its presence is closely linked to the formation of dimethyl
ether by reaction of methanol (Peeters et al. 2006).
All three isomers have been detected towards Sgr B2, hot molec-
ular cores and hot corinos, all regions containing a large range
of saturated organics. The most abundant of the three isomers is
methyl formate (Hollis et al. 2001), which was first detected in
1975 (Brown et al. 1975) and has since been detected in numerous
astrophysical environments, including high-mass (Macdonald et al.
1996; Favre et al. 2011) and low-mass (Cazaux et al. 2003) hot cores,
towards protoplanetary nebula (Remijan et al. 2005) and in comets
C© 2014 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society
 at U
niversity of Sussex on M
arch 5, 2015
http://m
nras.oxfordjournals.org/
D
ow
nloaded from
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Figure 1. Cartoon showing the different structures of the C2O2H4 isomers,
methyl formate, acetic acid and glycolaldehyde.
(Crovisier et al. 2004; Remijan et al. 2006). Reported column den-
sities range from 1 to 30 × 1017 cm−2 (Liu, Mehringer & Snyder
2001).
Acetic acid was initially detected in 1997 towards Sgr B2(LMH)
(Mehringer et al. 1997) and has a lower abundance than methyl
formate, with a reported column density of 6.1 × 1015 cm−2 in Sgr
B2(LMH) (Remijan et al. 2002). Since its initial detection, it has
also been observed towards several hot molecular cores including
G34.4 + 0.2 (Remijan et al. 2002), G19.61–0.23 and IRAS 16293–
2422 with column densities of ∼1–2 × 1015 cm−2 (Shiao et al.
2010). Until recently, glycolaldehyde was the least abundant of the
isomers. It was initially detected in the Galactic Centre towards the
hot core Sgr B2(N) (Hollis, Lovas & Jewell 2000) and has since
been detected towards hot cores outside the Galactic Centre (Beltra´n
et al. 2009; Calcutt et. al. 2014), and more recently towards a low-
mass binary protostellar system IRAS 16293–2422 (Jørgensen et al.
2012). Estimated column densities of 5.9 × 1013 cm−2 (Halfen
et al. 2006) and more recently 3–4 × 1016 cm−2 (Jørgensen et al.
2012) have been reported. Although not yet detected within comets,
Crovisier et al. provided an estimate on the likely upper limit of
glycolaldehyde in comet Hale Bopp (Crovisier et al. 2004).
Current estimates of the abundances of the isomers in their re-
spective environments cannot be successfully reproduced by only
gas-phase chemical formation pathways. It is therefore thought that
grain surface chemistry is an essential component that contributes
to both formation and destruction of these molecules (Herbst 2005;
Garrod & Herbst 2006; Occhiogrosso et al. 2011; Woods et al. 2012,
2013). This premise has been extended and supported by laboratory
studies that have investigated the formation of all three isomers, via
the UV and ion irradiation of methanol containing ices (Bennett
et al. 2007; ¨Oberg et al. 2009; Modica, Palumbo & Strazzulla 2012;
Maity, Kaiser & Jones 2014) and via the destruction of ethylene
glycol as a result of proton irradiation (Hudson, Moore & Cook
2005). The destruction of glycolaldehyde and mixed glycolalde-
hyde and water ices with 0.8-MeV proton ion irradiation has also
been studied by infrared spectroscopy (Hudson et al. 2005).
A limited number of experimental studies focusing on the thermal
processing of methyl formate and acetic acid in model interstellar
ices have been reported in the literature. Bertin et al. (2011) and Lat-
telais et al. (2011) studied the adsorption and desorption of methyl
formate and acetic acid on water ices, focusing mainly on crystalline
water ice surfaces at 80 K. A detailed study of acetic acid adsorbed
on amorphous water surfaces at 80 K (Bahr et al. 2006) used a
combination of metastable impact electron spectroscopy, ultravio-
let photoelectron spectroscopy, temperature programmed desorp-
tion (TPD) and infrared measurements to explore the interactions
between the two ices.
Here, we present the first of a series of papers exploring the ther-
mal processing (adsorption and desorption) of the C2O2H4 isomers,
glycolaldehyde, methyl formate and acetic acid on a carbonaceous
model grain surface. This paper will use the surface science tech-
niques of reflection absorption infrared spectroscopy (RAIRS) and
TPD to investigate the properties of the isomers in water-dominated
ices. We will show how the isomers are distinguishable in the in-
frared when embedded in H2O-rich ices, which is further explored
in more detail in a separate paper (Burke et al. in preparation).
TPD of isomer and isomer:H2O ices at astrophysically relevant ice
compositions will illustrate how the desorption of each isomer from
model grain surfaces is distinct for the three ice configurations:
pure, binary layered and binary mixed ices. These results underline
the importance of laboratory measurements in guiding the mod-
elling of thermal processing in chemical networks. Incorporating
the kinetic parameters obtained from TPD (Burke et al. submitted),
a simple model simulating desorption, ice composition and heating
rates provides a first approximation of the desorption of the isomers
on astrophysical time-scales.
2 . E X P E R I M E N TA L M E T H O D S
Experiments were performed in two separate stainless steel ultra-
high vacuum chambers, both of which attained working pressures
better than 2 × 10−10 mbar. RAIRS data were recorded in one
chamber, whilst TPD were recorded in a second chamber.
In both chambers, HOPG (highly oriented pyrolytic graphite) was
used as a model carbonaceous dust grain analogue surface. Sample
cleanliness was verified by annealing the sample to 300 K between
experiments and monitoring desorption of species from the surface.
Sample cooling was achieved by a closed-cycle helium refrigerator
(APD cryogenics), which attained base temperatures of around 23
and 20 K for the TPD and RAIRS experiments, respectively.
Methyl formate (Sigma Aldrich), acetic acid (Sigma Aldrich)
and deionized water were purified by repeated freeze–pump–thaw
cycles prior to deposition onto the HOPG surface via high-precision
leak valves. Solid glycolaldehyde dimer (Sigma Aldrich) was placed
in a stainless steel vessel and pumped under vacuum (p < 10−3
mbar) for several hours prior to heating to 368 K to dose the
monomer via a high-precision leak valve. The purity of glycolalde-
hyde was determined by mass spectrometry. All doses are given
in Langmuir (Lm) where 1 Lm = 10−6 mbar s. For the mixed and
layered binary ices, typically 50 Lm of H2O was deposited onto the
HOPG surface at ∼20 K, to form amorphous solid water (ASW).
The composition of the co-deposited ices was determined by mass
spectrometry.
RAIRS data were recorded with a Thermo-Nicolet spectrometer
coupled to a liquid nitrogen cooled mercury cadmium telluride de-
tector. A typical spectrum is comprised of 256 scans, at a resolution
of 4 cm−1. All TPD spectra were recorded with a linear heating
rate of 0.5 K s−1, controlled via a Eurotherm 2408 interface. A
quadrupole mass spectrometer (Hiden) in the line-of-sight mode
and differentially pumped was used to detect the desorbing gas flux
from the surface. All experiments were repeated several times to
ensure reproducibility, including with different mass spectrometer
settings. In all cases, the results obtained were identical.
3 . R E S U LT S A N D D I S C U S S I O N
3.1 Infrared spectra
Fig. 2 shows a series of infrared spectra recorded for mixtures of
the three isomers co-deposited with water in an intimate mixture at
a substrate temperature of 20 K. At adsorption temperatures below
140 K, water adopts an amorphous ice configuration, forming ASW
(Bolina, Wolff & Brown 2005). The spectra in Fig. 2 clearly show
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Figure 2. RAIRS of co-deposited 300 Lm C2O2H4:H2O ices deposited on
HOPG at 20 K. The left-hand panel focuses on the carbonyl stretch region
between 2000 and 1500 cm−1. The right-hand panel shows the fingerprint
region between 1500 and 1000 cm−1. The composition of each ice ranges
between 20 and 30 per cent.
that the isomers can be distinguished from one another simply on
the basis of their infrared spectrum. Note that the O–H stretching
region of the spectrum (∼3–3.5 µm) is not shown, as the O–H
stretch of the water ice is dominant in this region, and masks the O–
H stretching modes of the individual isomers. The left-hand panel
shows the spectral region from 5 to 6.6 µm (1500–2000 cm−1)
where the most intense band, the C=O stretch, for all three isomers
is observed. The appearance of this band is affected by the presence
of water in the ice, causing the C=O band to broaden significantly
for all of the isomers. Because of this, the bands observed for acetic
acid and methyl formate are rather similar; however, glycolalde-
hyde can be distinguished from the other two isomers due to the
additional band observed for the overtone of the C–C band, seen
at ∼6 µm. This is in contrast to the infrared spectra for the pure
isomers (Burke et al. submitted) which can be clearly distinguished
for all three molecules, emphasizing the importance of recording
infrared spectra for model ices containing appropriate components.
The right-hand panel shows the fingerprint region of the spectrum
for the three isomers (6.5–10 µm, 1000–1500 cm−1). This spectral
region is comprised of multiple vibrational modes and will be fully
discussed elsewhere (Burke et al. submitted). However, it is clear
that in this spectral region the three isomers can be clearly distin-
guished, even in water-dominated ices. The band that most easily
allows the isomers to be identified is the C–O stretching mode, ob-
served at 7.6 µm for acetic acid, 8.1 µm for methyl formate and
9 µm for glycolaldehyde. As seen in the right-hand panel of Fig. 2,
there are also a series of smaller vibrational bands, which would al-
low the isomers to be distinguished from one another. For example
for methyl formate, the broad C–O band is observed in conjunction
with the CH3 rocking mode, which occurs to the longer wavelength
side of this band. For acetic acid, there is a CH3 deformation mode,
which is always seen to the shorter wavelength side of the sharp
C–O band.
3.2 TPD spectra
The thermal desorption behaviour of the three isomers is also dis-
tinct, which is illustrated by experimental TPD spectra shown in
Figs 3–5 for a range of different ice configurations of the three
isomers. For all three isomers, TPD spectra were initially recorded
for the pure ice, to characterize the system, in addition to allow-
Figure 3. TPD spectra of methyl formate in a range of different ice con-
figurations grown at 23 K. The top spectrum shows the desorption of pure
water from the HOPG surface; the second spectrum shows the desorption of
methyl formate from an ∼5 per cent co-deposited mixture of methyl formate
and water; the third spectrum shows the desorption of 5 Lm methyl formate
adsorbed in a layered configuration on top of ASW (the ratio of methyl for-
mate and water is the same as that in the mixed ice) and the bottom spectrum
shows the desorption of 5 Lm of pure methyl formate, directly adsorbed on
the HOPG surface.
ing the derivation of kinetic parameters (Burke et al. submitted).
Subsequent TPD spectra were then recorded for the isomers in the
presence of amorphous water ice, both in a layered configuration
(the isomer deposited on top of a thick layer of amorphous water)
and in a co-deposited mixture consisting of ∼5 per cent of the iso-
mer in water ice. As can be seen in Figs 3–5, the behaviour of the
isomers in the presence of water is very different in each case.
The desorption of methyl formate from all three ice configura-
tions is shown in Fig. 3. A representative H2O TPD spectrum is
shown in the top panel. The low-temperature shoulder on the lead-
ing edge of the H2O TPD spectrum indicates the ASW to crystalline
water ice (CI) phase transition of H2O (Smith et al. 1997). Previous
research of volatiles adsorbed on ASW has shown the importance of
this phase transition, giving rise to the desorption of trapped gases
at higher temperatures when compared to the pure ices. This release
at the ASW–CI phase transition has been termed volcano desorption
by Smith et al. and has been observed for a wide range of volatiles
adsorbed on and within ASW (Ayotte et al. 2001; Collings et al.
2004; Burke & Brown 2010).
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Figure 4. Glycolaldehyde TPD spectra for a range of different ice config-
urations deposited at 23 K. From top to bottom: TPD spectrum for pure
water adsorbed on HOPG; spectrum for the desorption of glycolaldehyde
from a 5 per cent co-deposited mixture of glycolaldehyde and water; spec-
trum showing the desorption of 5 Lm glycolaldehyde adsorbed in a layered
configuration on top of ASW; spectrum showing the desorption of 5 Lm of
pure glycolaldehyde, directly adsorbed on the HOPG surface.
Methyl formate desorption (Fig. 3) is clearly dominated by this
volcano desorption mechanism, both for layered and mixed ices. In
addition, both systems show the presence of a co-desorption com-
ponent occurring with the desorption of CI at 160 K. For layered
methyl formate ices, a broad peak at lower temperatures (125 K) is
also observed, which is assigned to the desorption of methyl formate
monolayers bonded directly to ASW (Burke et al. in preparation).
This desorption feature is also observed for the mixed ice system,
but is less prominent in the TPD spectrum. For the layered methyl
formate ice, a further, low-temperature, peak is also observed which
can be assigned to the desorption of pure methyl formate multilay-
ers, as observed for the pure methyl formate (bottom spectrum).
Evidently, methyl formate desorption is significantly altered by the
presence of water ice, compared to desorption when the molecule
is directly adsorbed on the graphite surface (bottom panel).
Similarly, glycolaldehyde desorption is also modified by the pres-
ence of water, as shown in Fig. 4. However in this case, the des-
orption of glycolaldehyde is dependent on the ice configuration
(layered or mixed). The layered system gives rise to a single
glycolaldehyde co-desorption component with CI, whereas the
glycolaldehyde mixed ice is characterized by both volcano and co-
desorption components. In contrast to methyl formate, glycolalde-
Figure 5. TPD spectra of acetic acid in a range of different ice config-
urations grown at 23 K. The top spectrum shows the desorption of pure
water from the HOPG surface; the second spectrum shows the desorption of
acetic acid from a 5 per cent co-deposited mixture of acetic acid and water;
the third spectrum shows the desorption of 5 Lm acetic acid adsorbed in
a layered configuration on top of ASW; and the bottom spectrum shows
the desorption of 5 Lm of pure acetic acid, directly adsorbed on the HOPG
surface.
hyde desorption is dominated by co-desorption with crystalline ice.
Again, ASW clearly modifies the desorption of the isomer when
compared to the pure ice adsorbed directly on the graphite surface
(bottom panel).
Acetic acid desorption behaviour is shown in Fig. 5 and dif-
fers from the other two isomers. In the mixed ice configuration,
acetic acid gives rise to a solitary co-desorption component with
CI and yields the simplest desorption behaviour of the three iso-
mers. The layered system is characterized by two distinct desorption
peaks. The higher temperature peak corresponds to acetic acid co-
desorption with CI (as also observed in the mixed ices). The lower
temperature peak could be a result of volcano desorption; however,
the broad peak profile of this feature suggests that is it more likely
assigned to a different species. In addition, the desorption temper-
ature of this feature is lower than the corresponding temperature of
the ASW–CI transition. This peak is therefore tentatively assigned
to the desorption of acetic acid dimers or acetic acid clusters that
desorb from the surface of the ASW (Burke et al. in preparation).
The clear differences in the desorption behaviour of the three
isomers is summarized in Table 1, which shows the calculated per-
centages desorbing as surface, volcano and co-desorption peaks
from a co-deposited ice at 23 K. As described in the following
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section, this data can be used to simulate the desorption of the
isomers under astrophysical conditions.
3.3 Simple model of desorption from astrophysical ices
The ultimate objective for all laboratory-based data that explores
astronomical processes is to extrapolate the results to simulate as-
trophysical processes, and hence to provide an experimental basis to
describe astronomical modelling. The simple model described be-
low incorporates kinetic desorption parameters and the desorption
behaviour of each isomer, both derived from our TPD measure-
ments. These are used to model the desorption of the three isomers
from a 0.3-µm-thick mixed ice composed of ASW and the relevant
isomer (glycolaldehyde, acetic acid, methyl formate). This thick-
ness has previously been used to measure desorption of ices under
astrophysical conditions (Viti et al. 2004; Brown & Bolina 2007).
In our simple model, the rate of the desorption process is de-
scribed by the Polanyi–Wigner equation:
rdes = −dθdt = vθ
n exp
(
−Edes
RT
)
, (1)
where, n, ν and Edes are the order of desorption, the pre-exponential
factor and desorption energy, θ is the surface coverage, T is the tem-
perature, t is time and R is the gas constant. The kinetic parameters,
n, ν and Edes are obtained from experimental TPD data using the
leading edge analysis that has been described previously (Burke &
Brown 2010) and will be discussed more specifically in regard to
each isomer in a forthcoming paper (Burke et al. submitted). These
values, summarized in Table 2, are derived from data for the pure
ices, where desorption is not modified by the presence of H2O, and
are used to simulate desorption of the pure ices.
However, to simulate the desorption of the isomers from H2O-
rich environments, which have a closer analogy to astrophysical
ices, clearly the influence of water needs to be considered. As shown
in the experimental TPD spectra (Figs 3–5), the desorption of all
three isomers is significantly modified by the presence of water,
giving rise to additional desorption components in the TPD spectra
as a result of the trapping and release of the guest molecules during
the ASW–CI phase transition. The proportion of the isomer that
desorbs in each separate event (volcano, co-desorption, etc.) is seen
in Table 1. As seen in Table 1, the desorption of the isomers in
the mixed ices is controlled by water desorption; hence, the kinetic
parameters describing pure isomer desorption cannot be used for the
mixed ices. Therefore, for the mixed ices, desorption is described
by kinetic parameters either for the desorption of ASW (volcano
desorption) or CI (co-desorption). The kinetic parameters used in
our model are those derived for ASW and CI previously (Fraser
et al. 2001). These data are also listed in Table 2.
To model desorption of the mixed ices, the percentage of each
desorption component via surface/subsurface desorption, volcano
desorption and co-desorption was directly determined from the ex-
perimental TPD data. The ratios were determined from the areas
under the TPD peaks corresponding to each desorption component
as already seen in Table 1. In all cases, the composition of the ice
is 99 per cent with respect to H2O, with the remaining 1 per cent of
the ice being composed of the isomer. The desorption constraints,
as listed in Table 1, are then placed upon the 1 per cent of molecules
corresponding to the isomer in the mixed ice and these are then
used to model the total desorption of the different isomers from the
ices. Additional ice compositions were also tested (2 and 5 per cent);
however, the variations over the range of these three percentages
were minimal, and hence we only show data for the 1 per cent mixed
ices.
In order to simulate thermal desorption under astrophysical con-
ditions, the ice thicknesses and linear heating rates of 0.5 K s−1
used experimentally have to be modified to replicate astrophysi-
cal conditions. In our model, the initial total coverage of the ices
(both pure isomer ices and mixed isomer:H2O ices) is set to a
value of 9.5 × 1021 mol m−2, corresponding to an ice thickness of
3 × 10−5 m, comparable to estimates of ice thicknesses accreted
on dust grains (Brown & Bolina 2007). Whilst mixed ices are the
most astrophysically relevant, we have also modelled pure ices of
Table 1. The percentage of each type of desorption that occurs from a binary mixed ice, consisting of mainly
water plus the contaminant molecule, grown at 23 K. Data for acetic acid, methyl formate and glycolaldehyde are
based on laboratory TPD measurements described here. CO2 data taken from elsewhere (Edridge et al. 2013).
Molecule Surface desorption Volcano desorption with ASW Co-desorption with CI
Methyl formate 10 per cent 83 per cent 7 per cent
Glycolaldehyde 0 per cent 12 per cent 88 per cent
Acetic acid 0 per cent 0 per cent 100 per cent
CO2 24 per cent 70 per cent 6 per cent
Table 2. The kinetic parameters used in the model described here. Data for glycolaldehyde, methyl formate and
acetic acid were derived from our experimental TPD data and the details are reported elsewhere (Burke et al.
submitted). CO2 data are also derived from our own data and have been published previously (Edridge et al.
2013). Parameters for ASW and CI are those reported by Fraser et al. (2001). Desorption energies are given in
K and in kJ mol−1. Note that the units for the pre-exponential factor are those for zero-order desorption.
Molecule Desorption energy, Edes Desorption order, n Pre-exponential factor, ν / mol m−2 s−1
(K) (kJ mol−1)
Methyl formate 4210 35.0 0.01 8.0 × 1033
Glycolaldehyde 5629 46.8 0.01 2.0 × 1033
Acetic acid 6615 55.0 0.07 8.0 × 1032
CO2 2982 24.8 0.01 1.1 × 1030
ASW 5605 46.6 0.01 1.0 × 1034
CI 5761 47.9 0.01 1.0 × 1034
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Desorption of glycolaldehyde and its isomers 1449
the same total thickness in order to show the extreme effect that
the presence of the water ice has on the desorption of the individ-
ual isomers. The pure ices are modelled using multilayer kinetics;
therefore, a variation of initial surface coverage/ice thickness will
only affect the final desorption temperature of the ice and does not
affect the desorption rate. Note that the initial coverage of the wa-
ter in the ice is of critical importance when modelling desorption
on astrophysical time-scales, since the final desorption temperature
is dictated by the ice thickness as well as by the heating rate. To
provide a comparison of the isomer desorption with the desorp-
tion of a more abundant ice component, we have also modelled
the desorption of CO2 from a mixed ice comprised of 10 per cent
CO2 in water ice (the typical composition of CO2 in the ISM varies
from 10 to 37 per cent with respect to water [van Broekhuizen et al.
2006; Whittet et al. 2007]). As for the isomers, Table 1 also shows
the percentage of CO2 desorbing as different components, as deter-
mined from experimentally measured TPD data for CO2:water ices
(Edridge et al. 2013).
We will assume that the desorption rate of an ice mantle is de-
termined by the heating rate of a star, which in turn is dictated by
the mass of the star which heats the surrounding dust and gas. In
our model, the temperature, T, of a star is given by the expression
derived previously (Viti et al. 2004):
T = AtB, (2)
where the values of A and B are determined by the mass of the
star and the time, t, is given in years. For our first approximation,
heating rates for 5 and 25 M have been applied to the model.
The corresponding values of A and B are A = 4.856 × 10−2 and
B = 0.6255, A = 1.766 × 10−4 and B = 1.289 for 5 and 25 M
respectively. These two masses were chosen to model the effect
of different heating rates on the desorption of the isomers. Glyco-
laldehyde, methyl formate and acetic acid have all been detected
towards G31.41 + 0.31 (Beltra´n et al. 2005, 2009; Calcutt et al.
2014) which contains a hot core of ∼25 M (Osorio et al. 2009).
Since all three isomers have been observed in a variety of high- and
low-mass regions (Cazaux et al. 2003; Shiao et al. 2010; Jørgensen
et al. 2012), we have used 5 and 25 M to represent two types of
star.
The results of our simple model of desorption under astrophysical
conditions are shown in Figs 6 and 7. Fig. 6 compares the evolution
of a pure C2O2H4 ice with the desorption of the mixed C2O2H4:H2O
ice with a 1 per cent composition for each of the three isomers. In
this case, a non-linear heating rate for 25 M has been applied.
For the pure ices (red traces), it is clear that desorption on astro-
physical time-scales generates much lower desorption temperatures
compared to those observed in the laboratory (Figs 3–5), even when
taking account of the different ice thicknesses in the two cases. For
example, methyl formate, glycolaldehyde and acetic acid desorb
at 77, 108 and 117 K in the model compared to the experimen-
tally measured temperatures of 108, 148 and 155 K, respectively.
When the observed experimental constraints of H2O trapping and
release are applied to the model, as expected the model mimics
desorption behaviour that is observed in the laboratory. Methyl for-
mate desorbs in three phases, corresponding to the desorption of
the pure ice, followed by a dominant phase associated with volcano
desorption (ASW) and finally co-desorption with CI. The latter
two phases are associated with the desorption of H2O and occur at
higher temperature and on longer time-scales than the desorption
of pure methyl formate. Model glycolaldehyde:H2O mixtures also
desorb at higher temperatures/longer time-scales when compared
to the pure ices. As seen in Table 1, acetic acid desorption from a
Figure 6. Gas-phase concentration profiles for pure and mixed ice isomers
derived from experimental TPD desorption kinetics and using astrophysical
time-scales. The top panel shows acetic acid, centre panel glycolaldehyde,
bottom panel methyl formate. In each case, pure and 1 per cent mixtures of
C2O2H4:H2O are shown. The heating rate is derived from equation (2) for
25 M.
mixed ice is 100 per cent co-desorption and is therefore modelled
entirely as CI desorption. The model indicates that co-desorption
of acetic acid occurs at a lower temperature/shorter time-scale than
that observed for pure acetic acid ices, which is apparently at odds
with the experimental TPD results shown in Fig. 5. This effect can
be rationalized by the coverage-dependent behaviour of the deter-
mined desorption kinetics for acetic acid. A detailed description
of this is beyond the scope of this paper and is given elsewhere
(Burke et al. in preparation). However, briefly, this observation oc-
curs because the desorption energy of acetic acid (Table 2) is larger
than that of water ice, resulting in the desorption of acetic acid
at a higher temperature than water, for acetic acid and water ice
films of equivalent thickness. However, because acetic acid obeys
effectively zero-order desorption kinetics (Table 2), the peak tem-
perature of the desorption increases with increasing ice thickness.
Hence, at the lower doses of acetic acid shown in the experimental
TPD spectra in Fig. 5, acetic acid desorbs at a lower temperature
than water, as expected. In fact experimentally, we observe that very
thick acetic acid films do desorb at a higher temperature than water
ice films of equivalent thickness, as seen in Fig. 6. Very clearly, the
data in Fig. 6 show that there are significant differences between
the desorption of the isomers from a mixed ice and from a pure
ice, showing the importance of modelling the desorption of these
species in the presence of water ice.
Fig. 7 shows the results of the simulation for the 1 per cent
C2O2H4:H2O ices as a function of time and stellar mass. For
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Figure 7. Gas-phase concentration profiles comparing the evolution of
1 per cent C2O2H4:H2O mixed ices for each isomer into the gas-phase em-
ploying different astrophysical heating rates. Top panel 25 M, bottom
panel shows both 5 M, and an inset for 25 M to outline the difference
in the desorption timescales in the two cases. The evolution has been plotted
as a function of time (bottom axis) and temperature (top axis). Note, for the
inset only the time axis applies. A 10 per cent CO2:H2O evolution trace has
been added to the isomer plots to compare the desorption of the isomers
to a smaller and more volatile molecule that is typically detected within
interstellar ices.
comparison, desorption of a 10 per cent CO2:H2O ice, which has
been modelled from kinetics derived from experimental TPD data
(Edridge et al. 2013), has been included to compare the desorption
behaviour of smaller volatiles to that of the C2O2H4 isomers. As ex-
pected, the faster heating rate of the 25 M star leads to desorption
much earlier than that seen for the 5 M star. For example, all of
the ice desorption has occurred after around 30 000 yr for the 5 M
star, whereas it takes around 220 000 yr for all of the desorption to
be complete for the 25 M star.
The clear difference in the desorption behaviour of the three iso-
mers observed in Fig. 7 is entirely dictated by their different trapping
and desorption behaviour in water ice. Methyl formate desorbs ear-
lier than the other two isomers because a distinct component desorbs
from the surface/subsurface region of the mixed ice, and therefore,
the desorption is not governed by the desorption of water. In con-
trast, glycolaldehyde and acetic acid only sublimate with the onset
of water desorption. However, all three isomers desorb on consid-
erably longer time-scales than the much more volatile CO2, which
shows a reasonably large proportion (24 per cent) of surface des-
orption, even in a mixed ice. Hence, irrespective of molecular size,
methyl formate desorption more closely follows that of CO2, with
a desorption component operating independently of water desorp-
tion, and a majority of the trapped species desorbing during the
water-phase transition (volcano desorption).
3.4 Astrophysical implications
As clearly outlined by experimental data and by the model presented
here, methyl formate thermal desorption behaviour is distinctly dif-
ferent to that of glycolaldehyde and acetic acid. Irrespective of the
stellar mass, a proportion of methyl formate desorption occurs at
earlier times compared to that of the other two isomers. This is
based on methyl formate having a desorption component that is
independent of water ice. Hence, based on thermal desorption data
alone, this may account for the detection of this isomer in a wider
range of objects compared to glycolaldehyde and acetic acid. This
may also account for the fact that methyl formate is possibly more
extended than the other two isomers in a range of sources (Calcutt
et al. 2014). Of particular interest is the detection of methyl formate
in colder environments, when compared to star-forming regions
( ¨Oberg et al. 2010), since glycolaldehyde and acetic acid have not
been detected in these colder regions, to date. Whether the ubiquity
of methyl formate arises as a consequence of its thermal desorption
behaviour can only be determined for certain once the experimental
data from this work are included in chemical models (Woods et al.
in preparation).
4 . S U M M A RY
We have studied the adsorption and thermal desorption of the struc-
tural isomers of C2O2H4, methyl formate, glycolaldehyde and acetic
acid in three different ice configurations: pure isomer ices, binary
layered ASW ices and mixed ASW configurations. RAIRS shows
that the isomers can be distinguished when embedded in water
ice. This is evidenced by changes in the profile and position of
key infrared bands, e.g. the C=O stretch at ∼1730 cm−1 (∼6 µm)
and bands in the fingerprint region of the spectrum (6.6–10 µm).
TPD results further confirm the different behaviour of the three iso-
mers during thermal processing and show that they are all strongly
influenced by the presence of water ice. Methyl formate exhibits
behaviour more similar to a volatile ice component, such as CO2,
with desorption dominated by volcano desorption at low percent-
ages with a small amount of surface desorption being observed. In
contrast, glycolaldehyde and acetic acid show similar desorption
behaviour that is dictated by the presence of the water ice. The
small amount of surface (pure) desorption seen for methyl formate
means that it is observed in the gas phase at lower temperatures
and on shorter time-scales than the other two isomers, potentially
accounting for its observation in a broader range of objects when
compared to the other two species.
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